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Cycas revolutaTransglycosylation (TG) activity of a family GH18 chitinase from the cycad, Cycas revoluta, (CrChiA)
was modulated by removing or introducing a tryptophan side chain. The removal from subsite +3
through mutation of Trp168 to alanine suppressed TG activity, while introduction into subsite +1
through mutation of Gly77 to tryptophan (CrChiA-G77W) enhanced TG activity. The crystal struc-
tures of an inactive double mutant of CrChiA (CrChiA-G77W/E119Q) with one or two
N-acetylglucosamine residues occupying subsites +1 or +1/+2, respectively, revealed that the Trp77
side chain was oriented toward +1 GlcNAc to be stacked with it face-to-face, but rotated away from
subsite +1 in the absence of GlcNAc at the subsite. Aromatic residues in the aglycon-binding site are
key determinants of TG activity of GH18 chitinases.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction which has been employed to synthesize bioactive oligosaccharidesChitinases (EC 3.2.1.14) hydrolyze the b-1,4-glycosidic linkage
of chitin, and have been classiﬁed into the GH18 and GH19 families
according to the CAZy database (http://www.cazy.org/) [1]. GH19
chitinases catalyze hydrolysis through a single displacement
mechanism with the inversion of the conﬁguration at the anomeric
carbon (inverting mechanism), while GH18 enzymes hydrolyze the
glycosidic linkage through a double displacement mechanism with
the net retention of the conﬁguration at the anomeric carbon
(retaining mechanism) [2]. A number of retaining glycoside hydro-
lases are capable of catalyzing the transglycosylation (TG) reaction,[3–5]. The TG activity of retaining GH18 chitinases has also been
applied to the synthesis of chitin oligosaccharides, (GlcNAc)n, with
longer chains [6–9]. TG activity is sometimes undesired, because it
causes misevaluation of the bond cleavage efﬁciency, and also pro-
duces unexpected enzymatic products. In this context, it is highly
desirable to modulate TG activity by a simple mutation strategy.
A family GH18 chitinase from the cycad, Cycas revoluta (CrChiA)
is a plant chitinase to efﬁciently catalyze the TG reaction [10].
CrChiA hydrolyzes the substrate (GlcNAc)4 to produce the hydroly-
tic product (GlcNAc)2 as well as (GlcNAc)3, which was not pro-
duced directly from the initial substrate (GlcNAc)4, but from
symmetric hydrolysis of the TG product (GlcNAc)6 [11–13]. Thus,
the amount of (GlcNAc)3 produced from (GlcNAc)4 may be
regarded as the efﬁciency of the TG reaction of CrChiA. Fig. 1 shows
the crystal structure of the inactive mutant CrChiA–E119Q in com-
plex with (GlcNAc)3, which binds to subsites +1, +2, and +3. This
structure clearly revealed an interaction between Trp168 and the
+3 GlcNAc residue through CH-p stacking [14]. Trp168 appeared
to be responsible for acceptor binding to the aglycon-binding site,
which is the initial step in the TG reaction catalyzed by CrChiA.
On the other hand, we previously reported that the introduction
of a tryptophan side chain into subsite +1 enhanced the TG activity
of a family GH18 chitinase from Arabidopsis thaliana [15]. This may
have been due to the enhanced afﬁnity of the acceptor molecule to
Fig. 1. Stereo view of subsites +1, +2, and +3 of the CrChiA–E119Q mutant in complex with (GlcNAc)3. Bound (GlcNAc)3 is represented as sticks, and its carbon atoms are
colored in orange. Trp168 involved in the CH-p stacking with the +3 sugar is highlighted by stick colored in cyan. Gly77, the second mutation target, is also highlighted in a
similar manner. The catalytic DxDxE motif (Asp115-Asp117-Glu119) is also highlighted but colored in magenta.
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further enhanced by introducing a tryptophan side chain through
the mutation of Gly77 (Fig. 1) to tryptophan. This suggested that
TG activity of CrChiA may be regulated up and down by a simple
mutation strategy. A TG-eliminated mutant may be useful for eval-
uation of simple bond-cleavage activity of the enzyme, while a
TG-enhanced mutant may be useful for production of (GlcNAc)n
with longer chains.
In the present study, we attempted to modulate the TG activity
of CrChiA by mutations, which removed a tryptophan side chain
from subsite +3 (CrChiA-W168A) or introduced it into subsite +1
(CrChiA-G77W). Furthermore, the state of the introduced trypto-
phan side chain was examined by X-ray crystallography, which
revealed the dynamical aspect of the introduced tryptophan side
chain.
2. Materials and methods
2.1. Materials
Chitin oligosaccharides (GlcNAc)n (n = 1–6) were obtained by
the acid hydrolysis of chitin [16], and puriﬁed by gel ﬁltration on
Celluﬁne GcL-25m (JNC Co., Tokyo). Glycol chitin was synthesized
by the method of Yamada and Imoto [17]. TSK-GEL G2000PW used
for gel-ﬁltration HPLC was from Tosoh (Tokyo). All other reagents
were of analytical grade.
2.2. Production of the CrChiA mutants, CrChiA-W168A, CrChiA-G77W,
and CrChiA-G77W/E119Q
The mutant genes, CrChiA-W168A and CrChiA-G77W, were
obtained by site-directed mutagenesis of the CrChiA gene previ-
ously obtained [10] using a QuickChange site-directed mutagenesis
kit (Stratagene). The oligonucleotides used to introduce the muta-
tions were 50-CCACCAGAAGTTGTTCCCAGCCGAAGTAGTCACAGA
G-30 (forward) and 50-CTCTGTGACTACTTCGGCTGGGAACAACTTCT
GGTGG-30 (reverse) for W168A, and 50-GATTTCCATCGGAGGGTGG
GGTTCCGAGGTCAGAG-30 (forward) and 50-CTCTGACCTCGGAACC
CCACCCTCCGATGGAAATC-30 (reverse) for G77W (the mutation
sites were underlined). The double mutant gene,
CrChiA-G77W/E119Q was obtained by introducing the E119Q
mutation into the CrChiA-G77W gene. The oligonucleotides used
to introduce the E119Q mutation were 50-CCTCGATCTCGACTACC
AATATCCCGAGCCCCAAC-30 (forward) and 50-GTTGGGGCTCGGGATATTGGTAGTCGTGATCGAGG-30 (reverse). Prior to the expression
of the mutant enzymes, the entire coding regions of the mutants
were sequenced to verify the presence of the desired mutations
and absence of unintended mutations. The mutant enzymes were
successfully produced and puriﬁed by the methods employed for
the wild type enzyme [10].
2.3. Chitinase activity
Chitinase activity was assayed colorimetrically using glycol
chitin as the substrate. Six ll of the enzyme solution was added
to 600 ll of 0.2% (w/v) glycol chitin in 20 mM sodium acetate buf-
fer, pH 5.0. After being incubated at 37 C for 15 min, the reducing
sugar concentration of the reaction mixture was determined using
ferri–ferrocyanide reagent by the method of Imoto and Yagishita
[18].
2.4. HPLC-based determination of the reaction time-course
The products from the chitinase-catalyzed reaction of (GlcNAc)n
(n = 4, 5, or 6) were determined quantitatively by gel-ﬁltration
HPLC using the method of Fukamizo et al. [19]. The enzymatic
reaction was performed in 20 mM sodium acetate buffer, pH 5.0,
at 40 C. A portion of the reaction mixture was mixed with an equal
volume of 0.1 M NaOH solution, and immediately frozen in liquid
nitrogen to terminate the enzymatic reaction completely at a given
incubation time. The resultant solution was applied to a
gel-ﬁltration column of TSK-GEL G2000PW (Tosoh, Tokyo), and
eluted with distilled water at a ﬂow rate of 0.3 ml/min. The sub-
strate and products were detected by ultraviolet absorption at
220 nm. Using the standard curves obtained from the authentic
saccharide solutions, the peak areas obtained for individual
oligosaccharides, (GlcNAc)n (n = 1–6), were converted into molar
concentrations, which were then plotted against reaction times
to obtain the reaction time-course. We obtained a linear relation-
ship by plotting molar extinction coefﬁcients (MEC) vs. degrees
of polymerization (DP) for (GlcNAc)n (n = 1–6). The MEC for
(GlcNAc)7 was determined by linearly extrapolating the optimized
line (MEC vs. DP) to the DP of seven, and used for calculation of
molar concentration of (GlcNAc)7 from the peak area.
2.5. MALDI-TOF-MS analysis of the enzymatic products
Products obtained from the enzymatic reaction were also iden-
tiﬁed by MALDI-TOF-MS. The reaction mixture, consisting of
N. Umemoto et al. / FEBS Letters 589 (2015) 2327–2333 2329CrChiA-G77W (0.48 lM) and (GlcNAc)6 (4.6 mM) in 20 mM
sodium acetate buffer pH 5.0, was incubated at 40 C. A portion
(1 ll) of the reaction mixture was mixed with an equal volume
of 2,5-dihydroxy benzoic acid (2,5-DHB) and placed onto a plate
in a MALDI micro MX (Waters). (GlcNAc)n (n = 1–6) were used as
standard m/z.
2.6. Crystallization and data collection
The crystallization conditions for liganded
CrChiA-G77W/E119Q were screened using the sparse matrix sam-
pling method by sitting drop vapor diffusion at 20 C. Under opti-
mized crystallization conditions, 1 ll of protein solution,
CrChiA-G77W/E119Q + (GlcNAc)4 (5 mg/ml protein with 10 mM
(GlcNAc)4 in water), was mixed with 1 ll of reservoir solution con-
taining 2.5 M ammonium sulfate and 0.1 M sodium acetate pH 4.6.
Cubic co-crystals grew within 2 weeks under this condition.
Regarding data collection, co-crystals were transferred into the
cryoprotectant solution containing 20% ethylene glycol, and then
ﬂash-cooled in a nitrogen stream at 95 K. Diffraction data were col-
lected at the beam-line BL-17A of the Photon Factory (Ibaraki,
Japan) using an ADSC Q270 CCD detector at a cryogenic tempera-
ture (95 K). Data were integrated and scaled with HKL2000 [20].
Processing statistics are summarized in Table 1.
2.7. Structural determination and reﬁnement
We solved two crystal structures of liganded
CrChiA-G77W/E119Q. One of these structures revealed electron
densities for one GlcNAc residue only, and was hereinafter referred
to as ‘‘Structure A’’. The other structure revealed electron densities
for two GlcNAc residues, and was referred to as the ‘‘Structure B’’.Table 1
Summary of data collection and reﬁnement statistics.
CrChiA-G77W/E119Q
(GlcNAc)n complex
(Structure A)
CrChiA-G77W/E119Q
(GlcNAc)n complex
(Structure B)
Data collection
Space group P212121 P212121
Cell dimensions
a, b, c (Å) 58.5, 64.5, 86.0 57.5, 64.1, 85.8
a, b, c () 90, 90, 90 90, 90, 90
Wavelength (Å) 0.98 0.98
Resolution (Å) 50–1.80 (1.83–1.80) 50–1.60 (1.63–1.60)
Rsym
a 0.070 (0.335) 0.065 (0.358)
I/rI 43.3 (10.6) 58.3 (10.8)
Completeness (%) 99.7 (99.7) 99.9 (100)
Redundancy 7.2 (7.2) 10.8 (10.6)
Reﬁnement
Resolution (Å) 50–1.80 50–1.60
No. of reﬂections 29182 40438
Rwork
b/Rfreec 0.191/0.217 0.199/0.218
No. of atoms
Protein 2713 2697
Ligand/Ion 39 37
Water 192 270
Average B-factors (Å2)
Protein 13.7 13.6
Ligand/Ion 31.1 26.7
Water 22.3 22.6
RMS deviations
Bond lengths (Å) 0.008 0.007
Bond angles () 1.1 1.1
The numbers in parentheses are for the last shell.
a Rsym = R|Iavg  Ii|/RIi.
b Rwork = R|Fo  Fc|/RFo for reﬂections of working set.
c Rfree = R|Fo  Fc|/RFo for reﬂections of test set (5.0% of total reﬂections).Structure A was solved by the molecular replacement method
using the program MOLREP [21], in which the structure of a family
GH18 chitinase from C. revoluta, PDB code 4MNJ [14], served as a
search model. One protein molecule was located in the crystallo-
graphic asymmetric unit. The model was improved by several
rounds of reﬁnement with REFMAC5 [22,23] and manual rebuild-
ing with COOT [24]. Structure A was reﬁned to an Rwork/Rfree of
0.191/0.217 at a resolution of 1.8 Å. The ﬁnal model contained
one protein molecule including residues 3–346, one GlcNAc resi-
due, four sulfate ions, one ethylene glycol molecule, and 192 water
molecules. The stereochemistry of the model was veriﬁed using
PROCHECK [25], showing 90.6%, 9.1%, 0.3%, and 0% of protein resi-
dues in the most favored, additionally allowed, generously
allowed, and disallowed regions of the Ramachandran plot,
respectively.
Structure B was solved and reﬁned in a similar manner to that
for Structure A, and ﬁnally reﬁned to an Rwork/Rfree of 0.199/0.218
at a resolution of 1.6 Å. The ﬁnal model contained one protein
molecule including residues 3–346, two GlcNAc residues, two acet-
ate ions, and 270 water molecules. The stereochemistry of the
model showed 92.8%, 6.8%, 0.3%, and 0% of protein residues in
the most favored, additionally allowed, generously allowed, and
disallowed regions of the Ramachandran plot, respectively.
The ﬁnal models for liganded CrChiA-G77W/E119Qwere depos-
ited in the Protein Data Bank under the PDB codes, 4MNM
(Structure A) and 4MNL (Structure B), respectively.3. Results and discussion
3.1. Enzymatic activity toward glycol chitin
The speciﬁc activities of CrChiA, CrChiA-W168A, and
CrChiA-G77W were determined to be 38.8 (100%), 15.3 (39%),
and 6.30 (16%) lM/min/mg, respectively. The double mutant,
CrChiA-G77W/E119Q, did not exhibit any enzymatic activity. The
individual amino acids targeted for mutations were signiﬁcantly
involved in enzymatic activity.
3.2. Enzymatic activity toward chitin oligosaccharides (GlcNAc)n
In order to obtain the time-courses of the enzymatic degrada-
tion of chitin oligosaccharides (GlcNAc)n (n = 4, 5, or 6), individual
substrates were incubated with CrChiA or the mutants, and the
reaction products were analyzed by gel-ﬁltration HPLC. Fig. 2A–C
show the time-courses of (GlcNAc)n degradation catalyzed by the
wild type CrChiA. The substrates were hydrolyzed into oligosac-
charides with lower polymerization degrees. As described in
Section 1, (GlcNAc)3 was produced from the initial substrate
(GlcNAc)4 without the formation of GlcNAc (Figs. 2A and 3A),
and was, derived from the TG product (GlcNAc)6. Thus, the amount
of (GlcNAc)3 produced from the substrate (GlcNAc)4 may be
regarded as the efﬁciency of TG in the CrChiA-catalyzed reaction.
(GlcNAc)4 and (GlcNAc)5 were also produced from the substrates,
(GlcNAc)5 and (GlcNAc)6, respectively, without the formation of
GlcNAc (Fig. 2B and C). These products were also produced
through the TG reaction of CrChiA, but not directly from the initial
substrates. CrChiA-W168A produced a markedly larger amount of
(GlcNAc)2 and a smaller amount of (GlcNAc)3 from (GlcNAc)4
(Fig. 2D) than the wild type (Fig. 2A). When (GlcNAc)5
and (GlcNAc)6 were used as the substrate (Fig. 2E and F),
CrChiA-W168A simply hydrolyzed (GlcNAc)5 into (GlcNAc)2 +
(GlcNAc)3, and hydrolyzed (GlcNAc)6 into (GlcNAc)3 + (GlcNAc)3
or (GlcNAc)2 + (GlcNAc)4. TG activity was almost completely elim-
inated by the W168A mutation. Trp168 appeared to be critical for
acceptor binding.
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substrate (GlcNAc)4 than that produced by the wild type
(Figs. 2G and 3B), indicating the enhanced TG activity of this
mutant. When (GlcNAc)5 was used as the substrate, the proﬁle of
the time-course was complicated. Although the rate of (GlcNAc)5
degradation by CrChiA-G77W was comparable to that by CrChiA,
the rate of (GlcNAc)2 formation was suppressed in the early stage
of the reaction for CrChiA-G77W (Fig. 2H). (GlcNAc)2 appeared to
be consumed by the TG reaction of this mutant. The amount of
(GlcNAc)6 produced from (GlcNAc)5 was higher in CrChiA-G77W
(Fig. 2H) than in the wild type. Similarly, the production of
(GlcNAc)3 from the substrate (GlcNAc)6 was suppressed in the
early stage of the reaction, as shown in Fig. 2I. The HPLC peak cor-
responding to (GlcNAc)7 or the longer (GlcNAc)n, which were not
separated by gel-ﬁltration HPLC, was also enhanced by the G77W
mutation. Thus, we analyzed the products by MALDI-TOF-MS, as
shown in Fig. 3C. The mass signal of (GlcNAc)7 was markedly larger
than those of the other longer (GlcNAc)n. Thus, the corresponding
HPLC peak was regarded as (GlcNAc)7 to convert the peak area to
molar concentration (Fig. 2I). All of these results clearly indicated
that TG activity was enhanced in CrChiA-G77W.
Taken together, our results demonstrated that the TG activity of
CrChiA was successfully modulated by the removal (W168A) or
introduction (G77W) of a tryptophan side chain.
3.3. State of the introduced tryptophan side chain in the crystal
structure
In order to explore the state of the tryptophan side chain intro-
duced in CrChiA-G77W, we attempted to determine the crystal
structure of CrChiA-G77W/E119Q in complex with (GlcNAc)4.
However, the X-ray diffraction data of the co-crystals obtainedfrom the mixture of CrChiA-G77W/E119Q and (GlcNAc)4 did not
exhibit the full electron densities of (GlcNAc)4. Only one GlcNAc
residue was detected at subsite +2 in Structure A, as shown in
Fig. 4A, while two GlcNAc residues were detected at subsites +1
and +2 in Structure B (Fig. 4B). The bound GlcNAc and (GlcNAc)2
may have been produced through (GlcNAc)4 hydrolysis catalyzed
by CrChiA-G77W/E119Q, a fraction of which may have become
active again probably due to deamidation of Gln119.
Comparisons between the two structures (Fig. 4A and B) revealed
an interesting feature of the introduced tryptophan side chain
(Trp77). The Trp77 side chain was oriented toward the
glycon-binding site in Structure A, in which one GlcNAc residue
was detected at subsite +2 only, whereas it was oriented toward
aglycon-binding site in Structure B with two GlcNAc residues at
subsites +1 and +2. In the latter complex, the introduced trypto-
phan side chain was found to be stacked face-to-face with the +1
GlcNAc residue. The additional stacking interaction at subsite +1
appeared to enhance afﬁnity to the TG acceptor, thereby more
potently catalyzing the TG reaction. Furthermore, the introduced
tryptophan side chain may repel water molecules due to its
hydrophobicity, preventing the nucleophilic attack of a water
molecule on the oxazolinium ion intermediate. This may also have
enhanced the TG activity.
3.4. Motion of the introduced tryptophan side chain
The two structures of the CrChiA-G77W/E119Q complex shown
in Fig. 4 suggest the dynamical aspect of the introduced tryptophan
side chain, which rotates from side to side in response to sugar resi-
due binding to subsite +1. Gly77 of CrChiA corresponds to Trp97 of
Serratia marcescens chitinase B in their amino acid sequence align-
ment. The Serratia chitinase has been shown to hydrolyze chitin
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biose unit [26]. Since processivity was previously reported to be
eliminated by the mutation of Trp97 [27], Trp97 of the Serratia
enzyme is critical for processive action of the enzyme. On the other
hand, CrChiA itself is a non-processive enzyme, just hydrolyzing the
chitin polysaccharide in an endo-splitting manner. Thus, the G77W
mutation of CrChiA may have conferred processivity upon the
enzyme, and a function analogous to that of Trp97 of the Serratia
chitinase has been suggested for Trp77 of CrChiA-G77W. The rota-
tion of the introduced tryptophan side chainmay be one of the driv-
ing forces for the processive enzyme sliding along the chitin chain.
Thus, we examined the processivity of CrChiA-G77Wby themethod
reported by Horn et al. [28]. However, we failed to observe proces-
sive action in CrChiA-G77W. The introduced tryptophan residue in
CrChiA-G77W did not act as a driving element for the processivity.
In fact, such a rotation was not observed in the Trp97 side chain of
the processive Serratia enzyme [29]. Closer examination of
Structure A revealed that the introduced tryptophan (Trp77) side
chain of CrChiA-G77W/E119Q causes steric hindrance to
(GlcNAc)nbinding to glycon-binding site (negativelynumbered sub-
sites). Thus, the orientation of the Trp77 side chain in Structure A
may enhance product release from the glycon-binding site. Theintroduced Trp77 side chain is likely to play multiple roles in the
catalytic cycles; acceptor binding to the aglycon-binding site
(positively numbered subsites) and product release from the
glycon-binding site (negatively numbered subsites) by rotating its
position from side to side.
4. Conclusion
We successfully modulated the TG activity of CrChiA; removal
of the tryptophan side chain from Trp168 by mutation to alanine
suppressed TG activity, while introduction of the tryptophan side
chain into Gly77 by mutation to tryptophan enhanced TG activity.
Aromatic side chains in aglycon-binding site were reported to be
favorable to TG activity [13], whereas those in glycon-binding site
were unfavorable to TG activity [11]. The results obtained in this
study were consistent with these previous ﬁndings, and provided
additional evidences that aromatic residues in the
aglycon-binding site are key determinants of the TG activity of
GH18 chitinases. The crystal structures of the liganded
CrChiA-G77W/E119Q revealed the rotation of the introduced tryp-
tophan side chain, which was oriented toward +1 GlcNAc to be
stacked face-to-face with the sugar residue, but rotated away from
Fig. 4. Stereo views of the catalytic center of the crystal structures of the liganded CrChiA-G77W/E119Q. (A) Structure A. (B) Structure B. The simulated annealing omit maps
of GlcNAc residues are contoured at 1.0 r and shown in green. Bound GlcNAc residues are represented as stick, and its carbon atoms are colored in orange. The side chains of
Trp77 and Trp168 are colored in yellow. The catalytic DxDxE motif is colored in magenta.
2332 N. Umemoto et al. / FEBS Letters 589 (2015) 2327–2333subsite +1 in the absence of GlcNAc at the subsite. The introduced
tryptophan side chain is likely to act in the TG acceptor binding as
well as in the product release.
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